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site-directed mutagenesis; SLC13 family; sodium; succinate; biotinylation THE Na ϩ -DICARBOXYLATE COTRANSPORTER, NaDC1, belongs to the SLC13 family of anion transporters and is encoded by the SLC13A2 gene (18) . NaDC1 is localized to the apical membrane of epithelial cells of the renal proximal tubule and small intestine, where it absorbs citric acid cycle intermediates such as citrate, succinate, and ␣-ketoglutarate from the diet or tubular filtrate. The activity of NaDC1 in the proximal tubule has been verified by genetic knockout mice, which have increased urinary concentrations of citrate, succinate, and malate (6) . The substrates carried by NaDC1 have important physiological functions. Citrate is an important chelator of calcium in the urine, and hypocitraturia is often associated with kidney stone formation (14) . Furthermore, citrate excretion in the urine is important for the maintenance of acid-base balance (13) . NaDC1 also participates in organic anion secretion in the kidney by contributing dicarboxylates to the organic anion transporters (OAT) (3) . Recent studies suggest a possible role for NaDC1 in blood pressure regulation related to the presence of SUCNR1, a succinate receptor located on the apical membrane of cells in the macula densa and distal tubule (26, 30) .
Based on the physiological roles of NaDC1, it is possible that molecular variants in the transporter arising from single nucleotide polymorphisms (SNP) could contribute to disease in humans. Some human patients with kidney stones have been reported to have idiopathic hypocitraturia, unrelated to metabolic disorders (4, 25) , which could result from increased activity of NaDC1. However, there is currently very little information on the functional consequences of NaDC1 transporter variants. Several polymorphisms have been reported in humans. A previous study has found an association between increased citrate excretion in the urine and a SNP that produces a variant NaDC1, I550V (15) . In addition, the dbSNP database lists a number of mutations identified in human populations, none of which have been characterized functionally (28) .
In the present study, we evaluated the effects of missense mutations of the SLC13A2 gene on functional properties and expression of the variant hNaDC1 transporters using the COS-7 cell heterologous expression system. All of the variant transporters were expressed on the plasma membrane and had measurable transport activity. The I550V variant found in humans with hypocitraturia (15) had no significant changes in protein expression, but there was an increased sensitivity to lithium inhibition, and the L44F variant had only a slight decrease in transport activity. The M45L, V117I, and F254L variants had decreased plasma membrane expression, with similar decreases in transport activity. The A310P variant had decreased plasma membrane protein expression, without much effect on succinate transport, but an alteration in succinate: citrate selectivity. The P385S variant had a much greater effect on transport properties compared with expression, with a decrease in succinate V max and an alteration in the succinate: citrate substrate selectivity. The V477M variant exhibited decreased affinities for succinate and sodium, and a stimulation of transport by lithium. Based on the results, we would predict that many of the variants of hNaDC1 would have decreased transport activity in the kidney and intestine, leading to decreased dietary absorption and increased excretion of succinate and citrate in the urine. Furthermore, the hypocitraturia that is associated with kidney stone formation is not a consequence of these known variants of NaDC1.
METHODS
Site-directed mutagenesis. The NCBI SNP database (28) identifies 125 SNPs in SLC13A2, the gene coding for NaDC1. Most of the SNPs are located in introns, but eight SNPs code for missense mutations in NaDC1 (Table 1) . The mutations were produced in hNaDC1 cDNA by site-directed mutagenesis with the QuikChange site-directed mutagenesis kit (Stratagene). The plasmid vector for all of the constructs was pcDNA3.1.
Expression of hNaDC1 variants in COS-7 cells.
Variants were expressed in COS-7 cells, as described previously (32) . Briefly, the cells were cultured in DMEM containing Glutamax and 25 mM HEPES (Invitrogen, Carlsbad, CA) supplemented with 10% heatinactivated fetal calf serum, 100 U/ml penicillin, and 100 g/ml streptomycin at 37°C in 5% CO 2. Cells were plated on collagencoated plates at 0.7 ϫ 10 5 cells/well (24 wells) or 2 ϫ 10 5 cells/well (6 wells) and transfected using Fugene HD (Roche) at a 9:2 ratio (1.8 l Fugene HD and 0.4 g plasmid DNA) for 24-well plates or a 6:2 ratio (6 l Fugene HD and 2 g plasmid DNA) for 6-well plates. Coexpression experiments with two plasmids were done by combining 1.8 l Fugene HD with 0.2 g of each plasmid DNA.
Transport assays. Transport assays were carried out 48 h after transfections, also as described (20, 21, 32) . For the assays, each well was washed twice with choline buffer to remove medium, then incubated with [2,3- 14 C]succinate (ϳ50 mCi/mmol, ϳ10 M, Moravek) in sodium buffer for 30 min at room temperature. The transport buffer volume was 0.25 ml (24-well plates) or 1 ml (6-well plates). The sodium transport buffer contained (in mM) 140 NaCl, 2 KCl, 1 MgCl 2, 1 CaCl2, and 10 HEPES, pH adjusted to 7.4 with 1 M Tris, and the choline transport buffer contained equimolar cholineCl in place of NaCl. The uptake assays were stopped, and extracellular radioactivity removed with four 1 ml (24-well plates) or 3 ml (6 well plates) washes with choline buffer. Cells were dissolved in 1% SDS, transferred to scintillation vials, and counted. For all experiments, uptakes in vector-transfected cells were subtracted from uptakes in NaDC1 plasmid-transfected cells to correct for background counts.
Succinate kinetic experiments were done using [ (10) .
Cell surface biotinylations. The cell surface expression of NaDC1 variants in COS-7 cells was determined using the membrane-impermeant reagent sulfo-NHS-LC-biotin (Pierce), also as described previously (20) . Briefly, each well of cells in six-well plates was washed 3ϫ with 3 ml PBS, pH 9, containing 1 mM each Ca 2ϩ and Mg 2ϩ (PBS/CM), then incubated 30 min at room temperature with 0.5 ml, 1.5 mg/ml sulfo-NHS-LC-biotin (Pierce) prepared in PBS-CM, followed by 20 min on ice with 3 ml cold Quench buffer (PBS/CM with 100 mM glycine). Lysis buffer (1% Triton X-100, 150 mM NaCl, 5 mM EDTA, 20 mM Tris, pH 7.5, supplemented with 10 g/ml pepstatin, 10 g/ml leupeptin, and 0.5 mM phenylmethylsulfonyl fluoride) was added (0.5 ml/well) followed by a 30-min incubation on ice with rocking. The lysed cells were pelleted, and the supernatants were incubated with 50 l Immunopure Immobilized Streptavidin (Pierce) overnight at 4°C with end-over-end rotation. The next day the beads were washed, and the samples were used in Western blotting. Blots were incubated with 1:1,000 dilution of anti-NaDC-1 antibodies, followed by 1:7,500 dilution of peroxidase-conjugated anti-rabbit IgG secondary antibody (Jackson Labs). Detection was done using Pierce Supersignal West Pico chemiluminescent substrate, and images were quantitated using an Image Station 4000R (Carestream Scientific). Some of the intracellular protein samples were deglycosylated using peptidyl-N-glycanase F (PNGase F; New England Biolabs), according to the manufacturer's directions and as described (24) . The samples were denatured by boiling 10 min in glycoprotein denaturing buffer, then incubated at 37°C for 3 h with PNGase F. Controls were treated in the same way but were incubated with buffer instead of enzyme. The samples were analyzed by Western blotting.
Statistics. Duplicate or quadruplicate measurements were made for each data point. The experiments were repeated with at least three different batches of transfected cells from different passage numbers. Significant differences between groups were identified by Student's t-test or ANOVA with P Ͻ 0.05. Data are reported as means Ϯ SE.
RESULTS
Eight of the ϳ125 single nucleotide polymorphisms that have been identified to date in the SLC13A2 gene produce missense mutations in the NaDC1 amino acid sequence. Figure 1 shows the locations of these coding variants in the predicted secondary structure of human NaDC1 (hNaDC1). To determine the functional consequences of the variants, we characterized their functional properties and protein abundance after heterologous expression in COS-7 cells.
The cell surface protein expression of the hNaDC1 coding variants was determined by cell surface biotinylation with the impermeant reagent sulfo-NHS-LC biotin (Fig. 2) . Intracellular labeling of lysed cells was also measured. Western blots of NaDC1 contain multiple protein bands, representing differently glycosylated forms of the protein. The hNaDC1 sequence contains two N-glycosylation sites at the carboxy terminus, one of which is conserved in all the members of the family (22) . In the 7.5% acrylamide gels shown here (Fig. 2) , the upper highly Allele frequency is from the NCBI dbSNP database (www.ncbi.nlm.nih.gov/SNP). NaDC1, Na ϩ -dicarboxylate cotransporter; ND, not determined.
glycosylated forms were in a broad band centered around ϳ75 kDa and the lower core-glycosylated forms were in a broad protein band centered around ϳ47 kDa. After deglycosylation with PNGaseF, the broad bands were greatly reduced in abundance, and a sharp protein band with faster mobility appeared. In the blot shown in Fig. 2C , the lower core-glycosylated proteins were ϳ50 kDa and the deglycosylated protein was ϳ47 kDa. All of the hNaDC1 variants were expressed on the plasma membrane ( Figs. 2 and 3 ). In general, the abundance of the proteins on the plasma membrane was similar to their intracellular abundance (Fig. 3) . For example, the M45L variant was ϳ50% as abundant as the wild-type hNaDC1, and the abundance was similar in cell-surface and intracellular samples. The P385S variant seemed to be deficient in the higher mass glycosylated form (Fig. 2) , which may be a consequence of protein misfolding. All of the variants had measurable succinate transport activity, although most had reduced activity compared with the wild-type (Fig. 4) . Four of the eight variants had Ͻ50% of the transport activity of the wild-type (M45L ϳ45%, F254L ϳ30% and P385S, V477M ϳ10%). The transport activity of the variants was also expressed as a percentage of the mean cell surface protein abundance (from Fig. 3 ). As shown in Fig. 4 , the transport activity was still significantly decreased in the F254L, P385S, and V477M variants. The effect of voltage was tested by measuring transport of [
14 C]succinate in the presence of 25 g/ml valinomycin, with and without additional extracellular potassium (105 mm NaClϩ35 mm cholineCl vs. 105 mm NaClϩ35 mm KCl). In all cases, the transport in the presence of increased extracellular potassium resulted in ϳ20% inhibition. There were no significant differences between the variants and wild-type hNaDC1 (results not shown).
Because the variants are very likely to be found in heterozygous form, we tested whether expression of the P385S and V477M variants, which had low transport activity, had any effect on the function or expression of wild-type hNaDC1. The hNaDC1 transfections were done as usual (Fig. 5A, lane 1) or with half the normal amount of hNaDC1 DNA together with an equal amount of the vector plasmid, pcDNA3.1 (lane 2). There were no significant differences between the two groups in either protein abundance or transport activity (Fig. 5B, lanes 1  and 2) . Figure 5A, lanes 3 and 4, shows the cell surface expression of P385S or V477M together with the pcDNA3.1 vector. The cell surface protein abundance of the two variants was not different from the wild-type, but the transport activity of both variants was low, similar to the previous experiments shown in Figs. 2-4 . The combination of hNaDC1 and P385S did not have a significant effect on either expression or transport activity (Fig 5, lane 5) . However, the combination of hNaDC1 and V477M resulted in a small but significant decrease in transport activity (Fig. 5, lane 6) , suggesting a possible interaction between the two proteins.
We next determined whether the variants had alterations in substrate specificity by measuring the competitive transport of [ 3 H]succinate and [
14 C]citrate (in the same transport reaction) (Fig. 6A) . The TSR serves to identify mutations that alter the relative changes in catalytic efficiency (k cat /K m ) of two substrates, in this case succinate and citrate (10) . The TSR is useful for identifying relative changes in substrate selectivity, and it is independent of protein expression. As shown in Fig.  6B , most of the variants exhibited similar TSR values as the wild-type hNaDC1, ϳ3.4. However, the A310P variant had a significantly lower TSR value of 2.3, which could be a consequence of a greater inhibition of succinate transport by citrate or less inhibition of citrate transport by succinate (Fig. 6A ). P385S had a significantly higher TSR value of 5.5, which could come from lower inhibition of succinate transport by citrate, or increased inhibition of citrate transport by succinate. The results suggest that the residues at positions 310 and 385 may be important in distinguishing succinate from citrate in hNaDC1.
Succinate kinetic parameters were measured for all of the variants (Table 2 and Fig. 7) . Most of the K m and V max values for the variants were similar to those of the wild-type. The K m for succinate in hNaDC1 expressed in COS-7 cells was 590 m, similar to the value of 800 m measured in previous studies using the Xenopus laevis oocyte expression system (23) . Although the P385S variant had a much lower transport activity than the wild-type, this was due to a decrease in V max rather than K m (Fig. 7A and Table 2 ). The V477M variant had very low transport activity and had to be assayed in six-well plates. The K m for succinate in V477M was increased to 1.6 mm in the experiment shown in Fig. 7B , and the average of three experiments was 2.6 mm ( Table 2 ). The V max of V447M was lower than that of the wild-type (Fig. 7B and Table 2 ). Note that wells in 6-well plates have about four times the surface area compared with 24-well plates, and the V max is expressed per well.
The sodium activation kinetics of hNaDC1 and the variants are shown in Table 3 and Fig. 8 . The K Na for hNaDC1 in the single experiment shown in Fig. 8 was 75 mm, and the mean of four separate experiments was 97 mm (Table 3) , similar to our previous findings for hNaDC1 expressed in X. laevis (23) . Most of the variants had K Na values that were similar to those of hNaDC1 (Table 3 ). The sodium activation curve for V477M, however, was shifted to the right, and there was no saturation at the highest sodium concentration of 140 mm used in the experiments (Fig. 8) . Therefore, it was not possible to accurately fit the data to the Hill equation, although it is likely that the K Na is greater than that of the wild-type.
Many of the members of the SLC13 family exhibit sensitivity to lithium, which can compete with one of the three sodium binding sites in the protein. Some NaDC1 orthologs, such as rabbit (rb) NaDC1, are very sensitive to inhibition by lithium in the presence of sodium (23), whereas other members of the family, such as NaCT, are stimulated by low concentrations of lithium (7) . Wild-type hNaDC1 is relatively insensitive to the effects of lithium (23) . In COS-7 cells, hNaDC1 was slightly stimulated by 14 mm LiCl in the presence of 126 mm NaCl (Fig. 9) . Most of the variants were similar in lithium sensitivity to the wild-type. Two of the variants, M45L and I550V, were significantly inhibited by the same concentration of lithium, and the V477M variant had more than double the transport activity in the presence of lithium. The results suggest that these variants have alterations in the high-affinity cation binding site that interacts with lithium.
DISCUSSION
The dbSNP database lists 125 SNPs in the SLC13A2 gene that codes for NaDC1 (28) . Eight of the SNPs are nonsynonymous, leading to a change in amino acid sequence. In the present study, we characterized the functional properties and protein expression of the eight nonsynonymous variants of hNaDC1. Seven of the eight variants had alterations in protein targeting to the plasma membrane or in functional properties, resulting in decreased transport activity. NaDC1 protein is found on the apical membrane in small intestinal and renal proximal tubule cells. Therefore, a decrease in transport activity would be expected to result in decreased absorption of citric acid cycle intermediates from the diet, as well as increased excretion of these metabolites in the urine.
The I550V variant, previously reported in kidney stone patients (15), had only a modest effect on transporter function. There was a decrease in plasma membrane protein abundance of ϳ20% and a corresponding decrease in transport activity. The only notable effect on function was an increased sensitivity to inhibition by lithium, indicating that one of the cation binding sites in NaDC1 is affected by a mutation at position 550. NaDC1 contains three cation binding sites, one of which interacts with lithium, leading to an inhibition of transport (19) . hNaDC1 is less sensitive to inhibition by lithium than rabbit NaDC1 (23), which contains a valine at the equivalent position. It is possible that a valine at position 550 results in a higher affinity lithium binding site. Isoleucine and valine are both 
Values are means Ϯ range (n ϭ 2 experiments) or SE (n ϭ 3). Transporters were expressed in COS-7 cells in 24-well plates (6 wells for V477M), and transport of [ 3 H]succinate was measured for 10 min at room temperature. *Significant difference from human (h) NaDC1, P Ͻ 0.05. neutral, hydrophobic amino acids with branched side chains. The I550V polymorphism is common, with an allele frequency of 0.5, according to the dbSNP database. There may be an association between hypocitraturia and the presence of isoleucine at position 550 (i.e., the wild-type allele). Human subjects with Ile-550 had somewhat lower urinary citrate excretion compared with those having valine at this position (15), although the patients were not on controlled diets. Lower urinary citrate excretion (hypocitraturia) could be the result of increased transport activity of NaDC1, which would increase citrate reabsorption from the tubular fluid (5). However, there was no clear association of the I550V polymorphism with renal stone formation (15) or with longevity (12) . Longevity was investigated because mutations in the Drosophila homolog of NaDC1, named Indy, have been reported to extend lifespan (31) , although some recent studies have contradicted this assertion (29) .
Two hNaDC1 variants, V117I and F254L, resulted in decreased protein abundance at the plasma membrane and corresponding decreases in transport activity. The L44F variant had no significant effects on protein expression or function. V117I and F254L are predicted to be in extracellular loops two and three (Fig. 1) . The results suggest a possible role of the extracellular loops of NaDC1 in trafficking and regulation. It should be noted that protein targeting in the COS-7 cell overexpression system could be different from that in the native epithelia. For example, the CFTR protein is localized primarily on the plasma membrane in epithelial cells, but is also abundant intracellularly when overexpressed in COS-7 cells (1). In addition to changes in protein targeting, the NaDC1 variants could produce slight changes in protein folding that affect protein processing without an effect on transport activity. The three polymorphisms are all predicted to affect function by Panther analysis, whereas SIFT analysis predicts that only L44F and F254L will have an effect (Table 4) .
Four of the variants, M45L, A310P, P385S, and V477M, had changes in protein expression as well as function. All are predicted to produce changes in protein function by both Panther and SIFT analysis (Table 4) . Met-45 is located in TM2 (Fig. 1 ). The M45L variant had protein abundance, and corresponding transport activity, ϳ40 -50% of that of the wild-type. The frequency of the M45L polymorphism is quite high, 0.34 (Table 1) . There is a report of a single human subject heterozygous for M45L with increased urinary citrate concentrations, which could come from a decrease in NaDC1 activity (15) . It is likely that homozygous M45L would result in even greater urinary citrate excretion. In the present study, the M45L variant also had an increased sensitivity to inhibition by lithium, indicating a change in cation affinity in one of the three cation binding sites.
The A310P variant, predicted to be in an intracellular loop between transmembrane (TM) 6 and 7, did not have any significant changes in succinate K m or V max values. However, the succinate k cat may be increased because there was a decrease in protein expression by ϳ40% with no change in V max . The A310P variant had a change in substrate selectivity between succinate and citrate, as shown by a decreased TSR. The TSR identifies differences in substrate binding affinity in the transition state for one or both of the substrates. In a single experiment, there was only a slight change in citrate kinetics: wild-type K m 3.6 mM, V max 540 pmol·min Ϫ1 ·well Ϫ1 vs. A310P K m 3.0 mM, V max 485 Values are means Ϯ range (n ϭ 2 experiments) or SE (n ϭ 3). Transport was measured in sodium concentrations ranging from 0 to 140 mM, with choline Cl replacing NaCl. NF, not possible to fit the data because the curves did not saturate; nH, Hill coefficient. . Therefore, the change in TSR could be related to relative changes in k cat for succinate and citrate. In a previous study, the TM7 region including the associated loop and Ala-310 were found to be involved in determining citrate K m ; chimeras between hNaDC1 and rbNaDC1 had altered citrate kinetics (9) .
There was a large decrease in succinate transport activity in the P385S variant, representing a decrease in succinate V max with no change in K m . The Western blots showed a change in the glycosylation pattern compared with hNaDC1; the P385S protein had a decrease in the high-molecularweight glycosylation products, corresponding to the mature glycosylated protein. Our previous study showed that glycosylation in rbNaDC1 is important for protein targeting but not for activity, but it is possible that the human ortholog is different (22) . The proline at position 385 is conserved in all members of the SLC13 family, and it is predicted to be near the extracellular end of TM8. Prolines are often important residues in membrane proteins, including NaDC1 (8) and may act as molecular hinges during conformational changes (27) . The P385S variant also had altered recognition of citrate compared with succinate, as shown by an increased TSR.
The greatest impairment of function was seen in the V477M variant. This polymorphism is rare, with an allele frequency of 0.04 (Table 1 ) and could represent a mutation. Val-477 is located at the outer end of TM9, a region of the protein that changes accessibility to the outside during the conformational changes associated with transport (17) . The corresponding amino acid in rbNaDC1 is Ala-480, which is exposed to the outside of the cell in the presence of sodium but seems to be occluded in the absence of sodium. Furthermore, the A480C mutant of rbNaDC1 had a large decrease in V max as well as substrate protection of MTSET labeling (17) . In the present study, we found that V477M had a 90% decrease in succinate transport activity compared with the wild-type, without a significant decrease in protein abundance. This variant also appeared to interact with wild-type hNaDC1 in coexpression experiments. The V477M variant had decreased affinity for succinate and sodium. The transport of succinate was more than doubled in the presence of 14 mM lithium in V477M, which implies a change in the high-affinity cation binding site.
In conclusion, we have characterized the functional properties and protein expression of eight coding region variants of hNaDC1. Most of the variants appeared to decrease transport activity, by either decreased protein expression or altered transport kinetics and substrate selectivity. These polymorphisms are predicted to result in decreased absorption of citric acid cycle intermediates in the intestine and kidney, leading to increased excretion of these metabolites in the urine. None of these known variants of NaDC1 is likely to result in nephrolithiasis, which is associated with decreased urinary citrate. It is possible that variations in regulatory regions of the SLC13A2 gene will result in increased production of NaDC1 protein and the consequent hypocitraturia, but these SNPs have not been characterized functionally as yet.
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